The electrochemical behaviour of the herbicide Asulam was studied by cyclic and square wave voltammetry. Asulam may be irreversibly oxidised at a glassy carbon electrode. Maximum currents were obtained at pH ¼ 1.9 in aqueous electrolyte solution. Based on the electrochemical behaviour of Asulam, two analytical methodologies were developed for its determination in water samples, using square wave voltammetry (SWV) and flow injection analysis (FIA) coupled with an amperometric detector. Limits of detection of 7.1 Â 10 À6 mol L À1 and 1.2 Â 10 À8 mol L À1 for SWV and FIA respectively, were achieved. Repeatability was calculated by assessing the relative standard deviation (%) for 10 consecutive determinations of one sample. The found values were 2.1% for SWV and 5.0% for FIA. Validation of the results provided by SWV and FIA methodologies was performed by comparison with results from an HPLC-DAD technique. Good relative deviations were found (< 5%). Recovery trials were performed to assess the accuracy of the results and the obtained values were between 84% and 107% for both methods.
INTRODUCTION
Asulam, methyl sulphanylcarbamate, is a pesticide belonging to the carbamates family, which have seen increasing popularity due to their broad biological activity spectrum, as insecticides, herbicides, miticides, fungicides, nematocides or molluscicides. Asulam is a selective post-emergence herbicide controlling broadleaf plants, perennial grasses, and non-flowering plants. Plants readily absorb Asulam after emergence either by their roots, shoots, or leaves. It then interferes with the cell division and expansion processes of the plants ½1 . Residues of Asulam in the soil may carry over through more than one growing season. Asulam dissolves poorly in water, but its sodium salt (the commercial form) dissolves very well in water. Asulam has the potential to contaminate ground water and is very mobile in sand, loamy soil, loam and clay loam soil. Both Asulam and its degradation products will leach through the soil. Due to its solubility in water and mobility in soil, Asulam could be transported into surface water bodies ½2 . This justifies the importance of its control in residual waters and implies the search for precise, accurate, sensitive and selective analytical methodologies in order to perform a follow-up of Asulam levels in agricultural areas as well as in the general environment. It has also to be considered that in biodegradation studies it is necessary to use fast and in situ quantification methods for its determination.
The product or its residue analyses are mainly performed by HPLC with UV ½3N11 , fluorimetric ½12N14 or DAD ½15 detection. These methods imply an elaborate and timeconsuming sample preparation and analysis, being therefore unattractive for high frequency determinations. Other methods described for Asulam determination are GC ½16 and TLC ½17, 18 , but do not present any significant advantages over the HPLC methods.
In the present work, the electrochemical oxidation of Asulam at a glassy carbon electrode has been investigated using cyclic voltammetry (CV). The possible determination by square wave voltammetry (SWV) and by flow injection analysis (FIA) in combination with an amperometric detector is shown and the results compared to those of HPLC-DAD ½19 measurements. The proposed voltammetric method allows the interpretation of Asulam's oxidation process and the developed FIA methodology permits the drastic reduction of analysis time. Both methods were applied to the determination of Asulam in spiked natural water samples.
EXPERIMENTAL

Apparatus
All voltammetric measurements were performed using a computer controlled potentiostat Autolab PSTAT10 (EcoChemie), and a Metrohm 663 VA stand containing a three electrode cell with a glassy carbon working electrode (Metrohm 6.1204.000) (d ¼ 3.0 mm), an Ag/AgCl/KCl 3.00 mol L À1 reference electrode (Metrohm 6.0728.000), and a glassy carbon auxiliary electrode (Metrohm 6.1247.000). The system is controlled via PC 386 equipped with the General Purpose Electrochemical System (GPES) software package, version 3.0, from EcoChemie.
All flow-injection experiments were carried out using a 641 VA Metrohm detector linked to a 656 Metrohm wall-jet cell containing a three-electrode system: a glassy carbon working electrode (Metrohm 6.0805.010) (d ¼ 3.0 mm), an Ag/AgCl/KCl 3.00 mol L À1 reference electrode (Metrohm 6.0727.000), and a glassy carbon counter electrode (Metrohm 6.0805.010). The solutions were transported through the FIA system by a Gilson Minipuls 3 peristaltic pump, using pump tubing of the same brand. Samples and standards were introduced into the carrier stream through a six-port Rheodyne type 5020 injection valve. Omnifit Telfon tubes with an internal diameter of 0.5 mm connected by Gilson end-fittings and joints were used in the construction of the manifold. The confluence point was constructed as reported earlier ½20 . The analytical signals were recorded on a Kipp & Zonen BD 112 recorder.
The glassy carbon working electrodes were mechanically cleaned before each experiment by polishing its surface using a polishing kit (Metrohm 6.2802.010), first with -Al 2 O 3 (0.3 mm) until a shining surface was obtained and after with only water.
After polishing, the electrode was thoroughly washed with purified water and dried with tissue paper. HPLC analyses were performed by a Beckman System Gold system, consisting of a 126 Solvent Module, a 508 Auto Sampler, and a 168 Detector ( det ¼ 258 nm), controlled by a Beckman System Gold software program. The separation was carried out on a Lichocart Licrosphere 100 RP 18 column (250 Â 4.6 mm, 5 mm particle size) at room temperature.
The pH measurements were done with a Metrohm 632-pH-meter with a combined glass electrode (Metrohm 6.0202.000).
Reagents and solutions
Asulam was obtained from Riedel-de-Hae¨n-Pestanal. All other reagents were of Merck p.a. quality. Purified nitrogen 5 for voltammetric measurements was obtained from Linde, Soga´s.
All solutions were prepared using purified water (conductivity < 0.1 ms cm À1 ) obtained from a Barnstead E-pure 4 system.
The electrolyte buffer solutions according to Britton-Robinson, ranging between pH 1.9 and 10.2 ½21 , were prepared by mixing different volumes of a phosphoric, acetic and boric acid stock solution (containing each acid component at 0.16 mol L À1 ) and a 0.8 mol L À1 NaOH solution in order to obtain the required pH. The ionic strength was adjusted with 1.34 mol L À1 KNO 3 . Quantitative determinations were performed in pH ¼ 1.
In the reference method, implying determinations by HPLC, separation was carried out using a mixture of 80% water and 20% acetonitrile (HPLC grade) as mobile phase which was filtered through a 0.45 mm filter and degassed with helium.
Standard and sample preparation
Stock solutions of Asulam (1.00 Â 10 À3 mol L À1 ) were prepared with an exact weight of the pure pesticide and diluted up to 50.00 mL with water. The standards used for the optimisation studies and calibration curves were prepared by dilution of these stock solutions with buffer solution (SWV) or with water (FIA and HPLC). Asulam concentrations between 1.0 Â 10 À5 and 9.0 Â 10 À5 mol L À1 were required for the calibrations. Natural water samples were collected from various locations in Porto (rivers and lakes) in polyethylene flasks. These samples were filtered and aliquots were taken, divided in three parts and spiked with Asulam. They were further diluted and directly analysed by the different methodologies using the calibration curve method.
RESULTS AND DISCUSSION
Cyclic voltammetry
The electrochemical behaviour of 1.0 Â 10 À3 mol L À1 Asulam was studied in Britton-Robinson buffer solutions of 0.3 mol L À1 ionic strength over a wide pH range (1.9-10.2) at a glassy carbon electrode using cyclic and square wave voltammetry.
Cyclic voltammograms showed that the oxidation of Asulam is an irreversible process over the scan rate range of 0.05 V s À1 to 0.40 V s À1 (see Fig. 1 ) with linear plots of peak currents (I p ) against square root of scan rate, proving that the reaction is diffusion controlled.
Electrochemical behaviour of Asulam with pH
The electrochemical behaviour of a 1.0 Â 10 À3 mol L À1 Asulam solution with varying pH was studied using SWV. From the graphical representation of E p vs. pH (see Fig. 2 ) it can be verified that for pH values lower than 7.4 the dependence of the peak potential corresponds to 39 mV per unit of pH, and for higher pH values the peak potential is independent of the pH. It can be concluded that the oxidation process involves two electrons and one proton, meaning that it is likely that the reaction mechanism corresponds to an electron transfer followed by a chemical reaction, leading to irreversible product adsorption on the electrode surface. This is in agreement with the described mechanisms of anodic oxidation of carbamates ½22 .
Regarding the relation I p vs. pH (see Fig. 2 ) a maximum peak current intensity is obtained at a pH value of 1.9, whereas higher pH values lead to a decrease in peak current intensity. Because the best peak definition was found at pH 1.9, the Britton-Robinson electrolyte with this pH was selected for subsequent experiments.
Analytical determination of Asulam using SWV
The effects of frequency pulse amplitude and step potential were assessed with a 2.0 Â 10 À4 mol L À1 Asulam solution, with the aim of optimising the experimental conditions to use in square wave voltammetric determinations. The optimal parameters found were frequency 75 Hz, pulse amplitude 50 mV and step potential 2 mV. Different voltammograms were recorded for Asulam concentrations ranging from 1.0 Â 10 À5 to 9.0 Â 10 À5 mol L À1 and the corresponding calibration curve outlined. The limit of detection ½23 was 7.1 Â 10 À6 mol L À1 . The repeatability was assessed by calculating the relative standard deviation, obtaining 2.1% (n ¼ 10) for a 5.00 Â 10 À5 mol L À1 Asulam concentration.
Flow injection analysis with amperometric detection
A schematic representation of the FIA manifold for the determination of Asulam in water samples is shown in Fig. 3 . The system was developed optimising each parameter separately and considering the best compromise between sensitivity, reproducibility, sampling rate and low consumption of reagents.
The sample was injected into the ultra-pure water carrier stream and transported to the confluence point where the carrier stream was mixed with a Britton-Robinson buffer of pH 1.5, to result in a mixture with pH 1.9 in the amperometric cell.
Based on the results of the voltammetric study the electrode potential was optimised between þ 1.00 V and þ 1.30 V vs. Ag/AgCl, by 50 mV steps, finding an optimum at þ 1.20 V vs. Ag/AgCl. The optimum flow rate was found to be 2.4 ml/min (flow C ¼ flow E ¼ 1.2 mL/min), no higher flow rates were tried, because this would exceed the maximum flow allowed in the wall-jet cell ½24 .
With the purpose of selecting the most adequate injection volume, loops with lengths enabling the insertion of volumes between 35 and 325 mL were prepared for the injection valve. These real volumes (including the internal volume of the injection valve) were determined by titration of the volume obtained from 10 replicate injections of a solution of known concentration ½25 . A loop with an injection volume of 180 mL was selected because of the highest linear sensitivity attained.
Several reactor lengths were tried and a length of 110 cm was selected, whereas smaller reactors were ineffective for the perfect mixture of the carrier stream with the buffer solution and longer reactors caused a decrease of sensitivity and sampling rate.
Using the optimised parameters, a linear calibration curve between 1.0 Â 10 À5 mol L À1 and 9.0 Â 10 À5 mol L À1 Asulam was obtained. With this system the limit of detection was 1.2 Â 10 À8 mol L À1½23 . The repeatability of the FIA method was assessed by calculating the relative standard deviation for 10 consecutive injections of a 5.0 Â 10 À5 mol L À1 Asulam solution. The result obtained was less than 5.0%. Using the developed FIA manifold about 120 injections per hour could be achieved.
Comparison between the developed methods and a reference method
The determination of Asulam in 5 different types of spiked waters (c ¼ 2.0 Â 10 À3 mol L À1 ) was obtained by both methods. The mean values obtained by SWV and FIA were compared with those obtained by an HPLC method and showed relative deviations (RD) of less than 9.8% (see Table I ).
Five different spiked water samples containing 5.0 Â 10 À5 mol L À1 Asulam were analysed in triplicate by both methods, in order to assess the recovery. The obtained recovery values are shown in Table II . 
CONCLUSIONS
Based on the electrochemical behaviour of Asulam, two analytical methodologies were developed using SWV and FIA with amperometric detection at þ 1.20 V vs. Ag/AgCl, to quantify the herbicide in spiked natural water samples. Both developed methods are good alternatives to the comparative HPLC method, since they are simple, less expensive, show results that are in good agreement with those obtained with the comparative method, and in FIA the sampling rate is much higher. Both developed electrochemical methods can be used to study the biodegradation processes of Asulam. Moreover, the use of solid electrodes has the advantage of making the quantification in situ possible, allowing biodegradation control to proceed in a simpler and more efficient way.
